Introduction
Fragmentation of common bile duct stones by a nonoperative or limited operative approach may be possible by directing a fiber optic into the common duct and delivering laser radiation. This technique has been studied with the continuous wave neodymium-YAG laser ( 1064 nm),' pulsed neodymium-YAG laser ( 1064 nm),* pulsed dye laser (450-700 nm),' free electron laser (2.5-3.5 ~m ) ,~ copper vapor laser The pulsed dye laser has been used clinically for the lysis of ureteral stones and may be suitable for use in the biliary system.' This report evaluates the range of power and energy necessary for stone fragmentation as well as the effect of laser intensity on the common bile duct.
Materials and Methods
All experiments were performed with a pulsed tunable dye laser (Model MDL-1P Candela Corporation, Natick, MA) with wave length 504 nm, pulse width 1. Boulder, CO). Human biliary calculi (n = 5 5 ) were obtained from 14 patients undergoing cholecystectomy. Human common bile ducts (n = 4) were obtained from four fresh necropsies (less than 24 h) of patients with known gallstone disease. Each gallstone was placed in saline solution and the quartz fiber was positioned in direct contact with the stone. Energy delivery was begun at 10 mJ/pulse. Energy delivery was increased in increments of 10 mJ/pulse until litholysis began. Each energy level was held constant for 60 s before advancing. Laser radiation was kept constant once fragmentation was begun and laser delivery was continued until the stone was fragmented. The fragments of each stone were collected and crystallographic analysis was performed.
Once the energy threshold for calculus fragmentation was determined, this energy was directed at the common bile ducts. The ducts were suspended in saline. The quartz fibers were positioned at right angles to the mucosal surfaces. Laser radiation at threshold energy levels was delivered 1 .O cm from the mucosal surface and also in contact with the mucosal surface. Laser exposures were performed at multiple sites in each duct for 1 .O s. Following laser irradiation of the common bile ducts, the ducts were examined under a dissecting microscope. They were pinned flat on Teflon blocks, fixed in 3% gluteraldehyde in phosphate buffer at 4 "C for 24 h, and rinsed in phosphate buffer. They were dehydrated through an alcohol series, removed from Teflon, and embedded in paraffin. The specimens were serially sectioned at 6-pm intervals and stained with hematoxylin and eosin. All specimens were examined microscopically to determine the severity of common bile duct injury.
Results
There were 35 cholesterol stones (3 were calcified) and 20 bilirubin stones (4 were calcified). The stones were 0.012-7.56 cm3 in volume (0.47 f 0.19 cm3, mean f stan-dard error of mean). Fragmentation occurred at 20 mJ/pulse in 2/55 stones. Fragmentation occurred at 40 mJ/pulse in 5 3 / 5 5 stones. Total energy necessary for stone ablation ranged from 0.4 to 11.2 J (exposure time 1.0-28 s). Cholesterol stones required more total energy for fragmentation, 2.45 ? 0.52 J, than bilirubin stones, 1.59 f 0.35 J, P < .05 (Student's t test), even though bilirubin stones were larger than cholesterol stones (Tables 1, 2; Figs 1, 2) .
When laser radiation was delivered in contact with cadaver common bile ducts, perforation occurred at every energy delivery level from 10 to 40 mJ/pulse. At 10 mJ/pulse, perforation occurred within 6.7 ? 1.8 s. At 40 mJ/pulse, perforation occurred at 1.1 k 0.1 s (Fig 3) . When laser radiation was delivered at a distance of 1 .O cm from the mucosa, perforation did not occur, but mucosal injury was seen (Fig 4) . The energy necessary to perforate the common bile duct when the fiber was in contact with the mucosa was 0.55 & 0.04 J, whether it was delivered at 10 mJ/pulse for 5.5 s or at 40 mJ/pulse for 1.1 s ( Table 3 ). The irradiance threshold for both cholesterol and bilirubin gallstone ablation was determined to be 40 mJ/pulse. At this threshold, ductal perforation would occur before gallstone fragmentation if the fiber were to contact the common duct (Fig 5) .
Discussion
The present study shows that the pulsed tunable dye laser at 504 nm is capable of ablating gallstones of all compositions and sizes. The energy necessary to fragment these stones, however, is within the range of energy capable of perforating the common bile duct if the optical fiber is misplaced and allowed to contact the mucosa. In clinical use, the fiber tip must be placed in direct contact with the stone to guard against common bile duct injury. The possibility of common bile duct injury from laser lithotripsy has also been evaluated by Dayton et al.' They used a copper vapor laser to fragment gallstones in vitro and measured heat transmission in a model common bile duct during fragmentation. The elevation in temperature associated with fragmentation suggested common bile duct thermal injury. Ell and associates2 also reported temperature elevation associated with stone fragmentation and they identified transmural necrosis when delivering laser radiation blindly in the common duct. Yet Nishioka and associatess used the pulsed tunable dye laser (504 nm) to fragment human gallstones placed in pig common bile ducts and did not see any short-or long-term laser-induced injury in the common bile ducts. When they applied laser radiation in direct contact with the mucosal surface, however, perforation occurred. These studies imply that common duct injury may occur from lasers even during technically correct ablation, while ductal injury will definitely occur with pulsed lasers only if the fiber is malpositioned. In the clinical setting, perforation may not be of consequence because perforations are microscopic (Fig 1 ) and approximate the size ofthe fiber tip (250 pm). An isolated injury this size may seal over quickly and not lead to fistula or abscess formation. Multiple injuries, however, may lead to ductal disruption.
The pulsed dye laser (504 nm) appears to offer several advantages over the continuous-wave neodymium-YAG laser for gallstone lithotripsy. The dye laser can ablate cholesterol and bilirubin stones (even when calcified) and it does not have a thermal effect on surrounding tissues. Orii et all have described laser cholelitholysis by passing a laser fiber through a choledochoscope that had been positioned in the common duct through a T-tube tract. They also passtd a laser fiber through a choledochoscope into the hepatic ducts via a percutaneous transhepatic cholangiodrainage tract. With the popularity of laparoscopic laser cholecyste~tomy~ it may also be possible to pass a laser fiber through a choledochoscope laparoscopically into the common duct for gallstone lithotripsy. No matter what technique is used to position the laser fiber, the fiber must be kept in direct contact with the gallstone because laser intensity strong enough to fragment gallstones can injure the common duct.
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: ' . i The ablation threshold for any of the gallstones is greater than the perforation threshold of the common duct.
